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Fluorescence microscopyElectroporation is a physical method to induce the uptake of therapeutic drugs and DNA, by eukaryotic cells
and tissues. The phenomena behind electro-mediated membrane permeabilization to plasmid DNA have been
shown to be signiﬁcantly more complex than those for small molecules. Small molecules cross the
permeabilized membrane by diffusion whereas plasmid DNA ﬁrst interacts with the electropermeabilized
part of the cell surface, forming localized aggregates. The dynamics of this process is still poorly understood
because direct observations have been limited to scales of the order of seconds. Here, cells are
electropermeabilized in the presence of plasmid DNA and monitored with a temporal resolution of 2 ms.
This allows us to show that during the ﬁrst pulse application, plasmid complexes, or aggregates, start to form
at distinct sites on the cell membrane. FRAP measurements show that the positions of these sites are
remarkably immobile during the application of further pluses. A theoretical model is proposed to explain the
appearance of distinct interaction sites, the quantitative increase in DNA and also their immobility leading to a
tentative explanation for the success of electro-mediated gene delivery.+33 561 175 994.
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Electropermeabilization is the phenomena by which the applica-
tion of an electric ﬁeld across a biological membrane renders it
permeable to the passage of small and even macro molecules such as
DNA [1,2]. It is exploited in the clinical context where the
permeabilization of cells to a therapeutic agent is required, for
example in gene therapy and chemotherapy [3–5]. Despite the use of
electropermeabilization in medical science, many questions remain
open as to the underlying biophysicochemical phenomena which
underpin its success. This is especially the case for the permeabiliza-
tion of membranes to DNA where a number of interesting biological,
chemical and physical factors remain to be understood. Given the size
of the DNA, if the permeabilization is due to pores–or conducting
defects–as suggested by the standard theory of electroporation [6,7],
the pores must be relatively large due to (i) the relatively large size of
the DNA and (ii) the large charge of DNA as dielectric exclusion must
be overcome [8]. The cell membrane has a much more complex
organization than a model lipid bilayer. One expects that the locationof regions permeabilized to DNA will be determined not only by the
local electric ﬁeld but also by the local membrane composition. In cell
membranes, the regions most susceptible to permeabilization may be
those containing certain types of transmembrane proteins or at the
boundary between differing types of lipid domains [9]. Another key,
physicochemical factor is how the ﬁeld not only modiﬁes the
permeability of the membrane, but also how it inﬂuences the
movement of the DNA by electrophoresis. Large polyelectrolytes are
strongly advected by the electric ﬁeld [10]. Experimental studies [11]
have demonstrated that the physicochemical phenomena involved in
electro-mediated membrane permeabilization to plasmid DNA are
indeed signiﬁcantly more complex than those for small molecules.
Small molecules cross the permeabilized membrane directly mainly
by post-pulse diffusion, whereas plasmid DNA ﬁrst interacts with the
electropermeabilized part of the cell surface resulting in the formation
of localized aggregates. However the dynamics of this initial
interaction is only partially understood because the direct observa-
tions of [11] were limited to time scales exceeding several seconds. In
this paper, we have analyzed the interaction between the cell
membrane and strongly charged macromolecules (4.7 kbp plasmid
DNA) upon the application of a permeabilizing electric ﬁeld, at a
temporal resolution of 2 ms. This enables us to address the following
unresolved, and key, questions (i) What are the phenomena leading
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underlying dynamics behind their formation? (iii) To what extent are
the sites localized in space, and over what time scales? (iv) What is
the biochemical mechanism behind this localization?We put forward
a model for the transport of charged molecules in the presence of the
electric ﬁeld which provides an interpretation for most of our
experimental ﬁndings on DNA and whose validity is also tested via
additional experiments using the, much smaller, charged molecule
propidium iodide.
2. Materials and methods
2.1. Cells
Chinese hamster ovary (CHO) cells were used. The WTT clone was
selected for its ability to grow in suspension or plated on Petri dishes
or on a microscope glass coverslip. Cells were grown as previously
described [12]. For microscopy experiments, 105 cells were put on a
Lab-tek chamber 12 h before electric pulse treatment with 1 ml of
culture medium.
2.2. DNA staining
A 4.7 kbp plasmid (pEGFP-C1, Clonetech, Palo Alto, CA) carrying
the green ﬂuorescent protein gene controlled by the CMV promoter
was stained stoichiometrically with the DNA intercalating dye TOTO-1
(or alternatively POPO-3) (Molecular Probes, Eugene, OR) [13]. The
plasmid was stained with 2.3×10−4 M dye at a DNA concentration of
1 μg/μl for 60 min on ice. This concentration yields an average base
pair to dye ratio of 5. Even if the labeling is not covalent, the
equilibrium is dramatically in favor of the linked form. Plasmids were
prepared from Escherichia coli transfected bacteria by using Maxiprep
DNA puriﬁcation system (Qiagen, Chatsworth, CA).
2.3. Electropermeabilization apparatus
Electropulsation was carried out with a CNRS cell electropulsator
(Jouan, St Herblain, France) which delivers square-wave electric
pulses. An oscilloscope (Enertec, St. Etienne, France) was used to
monitor the pulse shape. The electropulsation chamber was built
using two stainless-steel parallel rods (diameter 0.5 mm, length
10 mm, inter-electrode distance 5 mm) placed on a Lab-tek chamber.
The electrodes were connected to the voltage generator. A uniform
electric ﬁeld was generated. The chamber was placed on the stage of
an inverted digitized videomicroscope (Leica DMIRB, Wetzlar,
Germany) or a confocal microscope (Zeiss, LSM 5 live, Germany).
2.4. Electropermeabilization
Permeabilization of cells was performed by application of
millisecond electric pulses required to transfer genes and to load
macromolecules into cells. Cell viability was preserved when using
millisecond pulse duration by decreasing the electric ﬁeld intensity
[14,15]. Penetration of PI (100 μM in a low ionic strength pulsing
buffer: 10 mM phosphate, 1 mMMgCl2, 250 mM sucrose, pH 7.4) was
used to monitor permeabilization. 10 pulses of 20 ms duration and
0.5 kV/cm amplitude were applied at a frequency of 1 Hz at room
temperature. For plated cells, the culture medium was removed and
replaced by the same buffer described above.
2.5. Microscopy
Cells were observed with a Leica 100×, 1.3 numerical aperture oil
immersion objective. Images (and optical sections) were recorded
with the CELLscan System from Scanalytics (Billerica, MA) ﬁtted with
a cooled CCD camera (Princeton Instrument, Trenton, NJ). Thisdigitizing set up allowed a quantitative localized analysis of the
ﬂuorescence emission as described previously [11]. This was done
along the cell membrane. Images were taken at a 1 Hz frequency. For
fast kinetics studies, a Zeiss LSM 5 Live confocal microscope was used.
All measurements were performed at room temperature. Image
sequences were acquired at a frequency of 500 fps.2.6. FRAP experiments
FRAP experiments were performed on a Zeiss LSM 510 confocal
microscope. The 488 nm line of the Ar+ laser was used for excitation
of TOTO-1. We used a sequential mode of acquisition with a 63×, 1.4
numerical aperture water immersion lens. After 50 pre-bleach scans, a
region of interest (ROI) with a radius w=1 μm was bleached, and
ﬂuorescence recovery was sampled on 150 scans, i.e. 40 s [16].2.7. Actin cytoskeleton destabilization
To examine the role of actin in the phenomenon of DNAmembrane
interaction, cells were incubated at 37 °C for 1 h with 1 μM
Latrunculin A (Sigma) in culture medium. This protocol is known to
efﬁciently disrupt the actin cytoskeleton [17].3. Experimental results
3.1. Electropulsation experiments
To study membrane permeabilization by electric ﬁelds, and the
associated processes of molecular uptake, we used PI and TOTO-1
labelled plasmid DNA. Membrane permeabilization was induced by
applying 20 ms electric pulses of intensity 0.5 kV/cm. This protocol is
known to induce both membrane permeabilization and DNA transfer,
accompanied by an associated gene expression [11]. Membrane
permeabilization was observed at the single cell level at a rate of 500
frames per second. This image acquisition frequency made it possible
to monitor the entire process of molecular uptake, both during and
after pulse application, with a good spatial resolution using confocal
microscopy. Particular attention was paid to the molecular uptake
occurring after a single permeabilizing pulse and a series of 10 pulses.3.2. Electropulsation experiments with PI
As shown in Figs. 1A and C, and in agreementwith previous studies
[11], membrane permeabilization, as detected by the uptake of PI, was
observed at sites of the cell membrane facing the two electrodes. The
inﬂux into the cells of PI, deduced from the associated ﬂuorescence
intensity, suggests free transport across the permeabilized regions of
the membrane into the cytoplasm (no trapping in the region near the
membrane is observed). The uptake of PI into cells started at the
moment the pulse was applied and the concentration of PI in the cell
increased for up to a minute (Fig. 1E), showing that the permeabilized
membrane state, due to defect regions such as metastable pores,
persists for some time after the ﬁeld is cut. Indeed, the majority of
molecules which were taken up entered the cell after the pulses.
Analyzing the molecular uptake image by image led to the
observation that PI uptake was both asymmetric and delayed: it
was higher at the anode facing side of the cell and its entrance at the
cathode facing side occurred after a 4- to 5-s delay. This asymmetry
can be explained by the fact that PI has a charge +2e in solution and
thus the electrophoretic force drives it toward the cathode. The post-
pulse diffusion of PI into the cytoplasm of the permeabilized cell can
be seen in Movie 1 (published in supporting information).
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Electro-induced uptake by cells in presence of plasmid DNA showed
results that differed considerably from those for cells pulsed in presence
of PI. DNAwas only observed to interact with themembrane for electric
ﬁelds greater than a critical value (0.25 kV/cm) which induces their
permeabilization, i.e. leading to PI uptake. In the low ﬁeld regime DNA
simply ﬂowed around the cells towards the anode. For permeabilizing
ﬁelds, plasmid DNA was not observed to enter the cell during pulse
application or during theminute that followed. However, DNAwas seen
to accumulate at distinct sites on the cathode facing side of the
permeabilized cell membrane (Fig. 1D). At these sites the DNA appeared
to form aggregates, which became visible as soon as the electric pulse
was triggered (Fig. 2A, B). Intriguingly, the number and apparent size ofFig. 1. Results and theoretical predictions of uptake of PI and DNA by electropulsed cells. A an
of either marker. C: uptake of PI by cells after being electropulsed. D: interaction of DNA and
measured from the corresponding ﬂuorescence. F: same data shown over a shorter time
H: corresponding behavior over shorter time scale.these sites did not increase with the number of pulses applied. During
the application of a single pulse, the ﬂuorescence of the sites increased
linearly in time showing that the quantity of DNA at each site increased
linearly (Fig. 1F), but no such ﬂuorescence increase was observed in the
absence of the electric ﬁeld. Therefore the accumulation of DNA at the
interaction sites must be principally due to electrophoresis.
The presence of stable sites, where membrane plasmid DNA
interaction occurred, was observed across the entire cell population
(Fig. 1D) (see Movie 2 in supporting information). The average
distance between a site and its nearest neighbor was found to be
about 1 μm. The diameter of the individual sites was found to be in the
range of 300–600 nm (lower range limit due to optical diffraction). As
shown in Fig. 2C, the total amount of DNA in the membrane region
also increased linearly with the number of electric pulses. The ﬁnald B: cells in the presence of PI and DNA before electropulsation, there is clearly no uptake
cells after being electropulsed. E: long time behavior of PI (red) and DNA (green) uptake
scale. G: long term uptake of PI and DNA as predicted by the electrodiffusion model.
Fig. 2. Evolution of DNA ﬂuorescence at interaction sites as a function of the number of electropulses. A raw imaging data. B: quantiﬁed increase in DNA ﬂuorescence based on a
digital analysis of A. C: experimentally measured increase of total ﬂuorescence due to DNA uptake as a function of the number of applied pulses. D: increase in DNA ﬂuorescence as a
function of the number of pulses as predicted by the electrodiffusion model.
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with the amount of DNA reaching the nucleus, as estimated by the
rate of GFP expression, between 2 and 24 h after pulse application
(see supplementary information).
As shown in Fig. 1E and F, part of the DNA interacting with the
membrane was observed to be desorbed after the pulses but a large
proportion stayed ﬁxed, this could be due to an interaction between
themembrane and DNA but also because the DNA forced into the pore
electrophoretically is virtually immobile in the cell in the absence
of the electric ﬁeld. This last observation shows that the observed
DNA membrane interaction could be, at least partially, due to
(i) electrophoretic accumulation along with (ii) reduced mobility of
the DNA in the pore region within the cell.
We also studied the mobility of the DNA complexes at the
interaction sites. In order to measure the in-membrane or lateral
diffusion constant of the complexes, we carried out Fluorescence
Recovery After Photobleaching (FRAP) experiments. The FRAP
results showed that no exchange between DNA aggregates or with
the bulk DNA took place and that the DNA was, on experimental time
scales, totally immobile, its lateral diffusion coefﬁcient being less than
10−16m2 s−1. This could be explained by the reduced mobility of
individual DNAmolecules within the cell or because DNA formsmicro
sized aggregates which are immobile due to their large size. It is
unlikely that this immobility is due to an intrinsic immobility of pores,as the measured diffusion constant is orders of magnitude smaller
than the typical values reported in the literature for transmembrane
objects, such as proteins.
One could argue that actin polymerization around inserted DNA
may be responsible for its immobilization at the membrane level as
well as in its subsequent trafﬁc inside the cytoplasm. However, actin
cytoskeleton perturbation with Latrunculin A did not seem to modify
the features of DNA spot creation, their stability or immobility (see
supplementary information). This implies that, despite the fact that
actin causes a drastic decrease in the mobility of individual large DNA
molecules inside cells, the initial formation of DNA spots and their
immobility is not caused by the actin network.
4. Theoretical analysis
4.1. Theoretical model
In order to better understand the features of the electro-mediated
DNA uptake, we developed a theoretical model that we used to carry
out numerical simulations. We assumed that the cell membrane was
an inﬁnitesimally thin non-conducting surface. This approximation is
valid where the membrane thickness is small compared to all other
length scales and the conductivities of the cell interior σi and exterior
electropulsation solution σe are much greater than the conductivity
1542 J.-M. Escoffre et al. / Biochimica et Biophysica Acta 1808 (2011) 1538–1543σm of the cell membrane. An electric ﬁeld of magnitude |E0|=E0 is
applied in the z direction, perpendicular to the electrodes, and the
local electric potential ϕ is given, in the steady state regime, by the
solution to Laplace's equation [18]
∇⋅σ∇ϕ = 0; ð1Þ
with the boundary conditions ϕ=-E0z as |z|→∞. In what follows we
will assume that the DNA is advected by the ﬁeld given by the solution
of Laplace's Eq. (1) and will neglect additional ﬁelds that would be
caused by local accumulation of charge due to the DNA. This is because
the applied ﬁelds are relatively large and because we expect the DNA
to be strongly screened. Once the electric ﬁeld has been computed the
DNA is advected by the ﬁeld but also diffuses. The local concentration
of DNA c(x,t) obeys the electrodiffusion equation
∂c
∂t = −∇⋅j ð2Þ
where j is the thermodynamic current j=-D∇c+μcE, with D the local
diffusion constant of the DNA, which depends on its environment, and
is denoted by De outside the cell, Dm in the membrane and Di in the
cell interior. The term μ is the electrophoretic mobility and is deﬁned
via the velocity v of the molecule in a (locally) uniform ﬁeld E=-∇ϕ
as
v = μE: ð3Þ
As for the diffusion constant, the value of μ will also depend on the
local environment as it depends on electrolyte concentration and
viscosity. As the electrode system is in contact with a bath of the
transported molecule we impose the boundary conditions ∇c=0 as
c→∞ on Eq. (2) (note that this is compatible with the Ohmic behavior
j=μcE far from the cell). We assume that Dm and μm=0, which
means that DNA cannot move into intact regions of membrane.
4.2. Modeling pores
We will assume that when the ﬁeld is applied, the membrane
becomes permeabilized and micro sized pores are formed. For the
ease of computationwewill investigatewhat happenswhen a circular
pore is formed at each face of the cell facing the electrodes, that facing
the anode in the angular region θ∈ [0,θp] and that facing the cathode
in the region θ∈ [π,θp,π]. In this region we assume that the
conductivity is σi and that the diffusion constant is Di, effectively we
have taken away the membrane from these regions and replace it by
the cellular interior. We numerically compute the evolution of the
concentration of marker molecules as a function of time using the
experimental applied ﬁeld protocols (we assume that the membrane
charging process is much quicker that any of the diffusion processes
and thus change the electric ﬁeld instantaneously).
4.2.1. Estimation of theoretical parameters
We were able to follow the ﬂuorescence of the DNA in the buffer
solution in a uniform electric ﬁeld and thus measure its velocity. Using
Eq. (3). we estimated the electrophoretic mobility in solution to be
μe=10−8m2 V−1 s−1. This agrees with more precise measurements
reported in the literature [19]. The diffusion constant of DNA in aqueous
solution is estimated from the literature to be De=10−12m2 s−1 [20].
The charge of the PI is taken to be q=+2e and its diffusion
constant in aqueous solution is estimated to be De=10−10m2 s−1 (by
estimating its effective radius and using the Stokes formula for the
diffusion constant of a solid sphere). The electrophoretic mobility for
PI is estimated via the Stokes Einstein relation μ = qDkBT where kB is
Boltzmann's constant and T is the temperature.
In the cell interior we estimate that for PI the effective diffusion
constants and electrophoretic mobilities are smaller than theirexternal values by a factor of 10 but for the larger DNA molecules
they are smaller by a factor of 1000 (in fact this factor is a lower
bound) due largely to the interaction between the DNA and the actin
network of the cell interior [20,21]. Finally we took the radius of the
spherical vesicle to be R=8 μmas estimated from the average cell size.
4.3. Theoretical results and comparison with experiments
We assume that the marker ﬂuorescence is proportional to the
concentration c(x,t). For the comparison with the experiments we
took a pore angle θp=3.6° as estimated by the size of the DNA/
membrane interaction sites we observed. We computed the average
ﬂuorescence intensity inside the cell using Icell∝ccell. In Fig. 1G and H
we show the predicted behavior for PI ﬂuorescence for one pulse with
applied ﬁeld 0.5 kV cm−1 applied for 20 ms and see that it compares
very well with that measured experimentally (Fig. 1E). Similarly we
see in the same ﬁgures the comparison between theory and
experiment is also good for DNA (with the same pulse protocol),
with the exception that the slight decrease in DNA ﬂuorescence after
the pulse has been applied is less pronounced in the theoretical curve
of Fig. 2F. However some of the experimentally observed decrease
may be due to photobleaching of the ﬂuorescent marker. Note that
although we have only simulated one pore, if we assume that the
pores behave independently (as conduction channels in parallel) the
overall form of the increase in ﬂuorescence for several pores should be
approximately of the same form, up to an overall change in the
ﬂuorescence levels, as that for single pore.
In the case of PI, our model also reproduced the other qualitative
behavior seen in the experiments. Numerical calculations showed
that the PI enters through the anode facing side of the vesicle during
the pulse application and that its entry into the cathode facing side
is delayed, as expected from the physical arguments given in the
Results section.
For DNA, computations showed that just after the ﬁeld application
there is virtually no uptake of DNA at the anode facing side of the cell,
but that at the cathode facing side there is an accumulation of DNA
near the surface of the cell in the region where the pore is. In our
model the DNA accumulation, apparently, at the surface of the cell, is
due to the strong (as compared to the case of PI) electrophoretic force
which pushes the DNA into the hole opposite the cathode and then
the much reduced mobility of the DNA in this region. For DNAmost of
the contribution to the total cell ﬂuorescence comes from the region
close to the membrane surface, thus justifying our comparison of
Figs. 1E, F with Figs. 1G, H.
4.4. Constant number of interaction sites
The experimental results show that after the ﬁrst interaction sites
become visible, no further sites appear during subsequent pulsation.
An explanation for this is that the pores formed are conducting and
thus the electric ﬁeld across the membrane is lowered in the non-
conducting regions of the membrane. A simple criterion for
determining whether a membrane can be locally permeabilized is if
the stress caused by the electric ﬁeld causes the local surface tension
to exceed the lysis tension of the membrane. In a simple electric
model for the membrane this turns out to be equivalent to the local
transmembrane voltage Δϕ exceeding a critical value Δϕc, which has
values typically between 250 and 1000 mV [22,23]. To see how the
presence of a pore reduces the transmembrane potential elsewhere
we consider the simpliﬁed case of an inﬁnitesimally thin, non-
conducting, inﬁnite ﬂat membrane with a conducting pore of radius a.
The potential drop across the membrane at a distance r from the
center of the pore is [24] Δϕ rð Þ = 2Δϕoπ arctan
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2−a2
p
a
 
, where Δϕo is
the potential drop far from the pore (or in the absence of the pore)
and we assume that ΔϕoNΔϕc. If pores can only be formed in regions
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exceeded within in a radius rc = a
cos
πΔϕc
2Δϕo
  from the center of thepore. Although a very approximate estimate, this shows that we
should expect pores to be separated from each other by a distance of
the order of the pore size. This is indeed the case as can be seen in
Fig. 1B, where the ﬂuorescence peaks widths are of the same order as
the inter-peak distance.
5. Discussion
Despite the complexity of the system studied here, a number of our
experimental observations can be explained qualitatively and to an
extent quantitatively on a largely physical basis. According to the
standard theory of electropermeabilization, the effect of the electric
ﬁeld is to render the cell membrane permeable to external molecules
via the formation of micro sized pores. Another effect of the electric
ﬁeld on the DNA is an electrophoretic one, DNA is pushed toward the
cathode facing side of the cell and, as our numerical calculations have
shown, if a sufﬁciently large pore is present the DNA can be forced
through it. However once the DNA is inside the cell it stays, on
experimental time scales, very close to the surface either due to the
reduced electrophoretic mobility and diffusion constant of individual
DNA molecules caused by the actin cytoskeleton or because it forms
aggregates which are immobile due to their large size. The number of
DNA interactions sites remains constant even on increasing the
number of pulses, we have argued that this is because these sites are
conducting, the electric ﬁeld elsewhere in the cell membrane is
reduced by the presence of these conducting sites and thus does not
exceed the threshold value necessary to form addition permeabilized
regions and thus interaction sites.
Results on cellswhere the actin cytoskeleton is disrupted also show
spot formation and so we conclude that the principal mechanism
for spot formation is the formation of aggregates where the DNA
molecules are bound together and thus diffuse as amacroscopic object
with a very small diffusion constant. A possible mechanism for this
aggregation is the presence of multivalent cations induced by the high
concentration of DNA in the pore region [25].
To concludewe have been able to provide a detailed explanation of
why gene therapy using electropulsation is successful. The process of
plasmid transfer through the cellular cytoplasm to the nuclear
envelope is a complex process [26,27]. In principle micro sized
aggregates of DNA or vesicles ﬁlled with DNA could be too large to
pass through the pores formed by electroporation. However individ-
ual DNA molecules, while they can pass through electropores, have a
limited mobility within the cell and may well be totally degraded
before reaching the nucleus. It is possible and worth investigating the
possibility that the actin cytoskeleton reacts to the presence of DNA
aggregates and plays an important role in the subsequent intracellular
transport. It seems reasonable that only aggregates beyond a certain
size (a few hundred nanometers) can induce a biological cellular
response and can be transported by the cell. In addition, the fact that
the DNA is in aggregate form means that the DNA in the center of the
aggregate is relatively protected from degradation. Therefore, for gene
therapy purposes, it is optimal for DNA to enter the cell as single
molecules, but the subsequent transport toward the nucleus is, for
biological (possibly by inducing a response of the actin cytoskeleton)
and physical (diminishing enzymatic degradation) reasons, optimized
if the DNA is in a micro-sized aggregate form.
We thus see that a rather beautiful and subtle, and to an extent
fortuitous, combination of biological, chemical and physical factors
may underpin the success of gene therapy via electropulsation. As our
understanding of these underlying phenomena advances we should
be able to reﬁne and optimize the protocols used in electro-mediated
gene therapies.Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2010.10.009.
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